One of the main challenges faced by the nuclear industry is the long-term confinement of nuclear 18 waste. Because it is inexpensive and easy to manufacture, cement is the material of choice to store 19 large volumes of radioactive materials, in particular the low-level medium-lived fission products. 20 It is therefore of utmost importance to assess the chemical and structural stability of cement 21 containing radioactive species. Here, we use ab-initio calculations based on density functional 22 theory (DFT) to study the effects of 90 Sr insertion and decay in C-S-H (calcium-silicate-hydrate) 23 in order to test the ability of cement to trap and hold this radioactive fission product and to 24 investigate the consequences of its β-decay on the cement paste structure. We show that 90 Sr is 25 stable when it substitutes the Ca 2+ ions in C-S-H, and so is its daughter nucleus 90 Y after β-decay. 26 Interestingly, 90 Zr, daughter of 90 Y and final product in the decay sequence, is found to be unstable 27 compared to the bulk phase of the element at zero K but stable when compared to the solvated 28 ion in water. Therefore cement appears as a suitable waste form for 90 Sr storage. 29 1 30
INTRODUCTION
jennite. 31 These minerals reproduce the laminar structure of C-S-H where calcium ions are 91 located between layers of silicate chains. An overview of the tobermorite and jennite-based 92 C-S-H models used in the literature is given in Refs. [32 and 33] . However, limitations of 93 these models emerged when it became possible to further characterize experimentally the 94 C-S-H molecular composition, notably the average calcium to silicon ratio (C/S = 1.7) and 95 the density of the C-S-H particle (2.6 g/cm 3 ). [34] [35] [36] [37] These values cannot be obtained from 96 either tobermorite 14Å (C/S = 0.83 and 2.18 g/cm 3 ) or jennite (C/S = 1.5 and 2.27 97 g/cm 3 ). A solid solution model proposed recently 38 corrects most of these problems. 98 The atomic structure for C-S-H used in this work has recently been proposed in order 99 to bridge the gap between atomic-scale simulations and experiments. [26] [27] [28] It is presented in 100 Fig. 1 and was generated following the procedure reported in Ref. [26] . via β − decay in C-S-H were then studied by substituting Ca with Y and Zr, successively.
136
The C-S-H cell after substitution, denoted Ca n−1 X where X stands for Sr, Y or Zr, has the 137 chemical composition Ca 71 XSi 44 O 235 H 150 . Each substitution is followed by relaxation of the 138 atomic positions. The substitution energy ∆E X (i) calculated with respect to the bulk 139 phases of the elements at 0 K is defined as:
where E Ca n−1 X (i) is the energy of the cell containing element X at site i, E Can is the energy Cm and Eu) can be accommodated by substitution of Ca in C-S-H. [41] [42] [43] [44] For Y, the average 185 substitution energy is lower but still positive in the intralayer region (0.11 eV), and it is now 186 negative in the interlayer spacing (-0.09 eV). We also notice that the difference between the 187 average substitution energy in the intra and interlayer regions is larger for 90 Y (0.20 eV) 188 than for 90 Sr (0.11 eV).
189
The substitution energies of 90 Zr, daughter nucleus of 90 Y also through β − decay, using 190 the same bulk references, are given for the 72 sites in Fig. 2(c) and Table 1 . Contrary
191
to Sr and Y, the calculated energies are all positive, large and widely dispersed around the 192 average value of 2.34 eV, which is more than one order of magnitude larger than that of Sr. is the largest (0.45 eV).
196
The substitution energies that we presented here use the energies of the bulk phases by 0.08, -3.37, and -8.77 eV respectively. With respect to the hydrated ions, the average 204 substitution energies become 0.23, -3.23, and -6.43 eV (see Table 1 ).
205
The most important difference is the highly negative value of the substitution energies Finally, we have also verified that Sr in C-S-H prefers to substitute Ca rather than Si ing. In this scheme, the velocities are rescaled if the average temperature and the target 230 temperature of the system differ in more than a certain tolerance, which here was set to 231 50K.
232
The thermal relaxation of Sr56, Y56 and Zr56 during the simulated time range was 233 investigated by studying the displacements of the three substitute atoms. The results are 234 presented in Fig. 3 . The displacements were found to be rather small, not exceeding 1.5Å,
235
as one would expect in such short simulations. Fig. 3 (a) shows that Sr56 (in blue) travels a 236 maximum distance of 0.5Å before 0.6 ps, after which it starts moving away from its original 237 position rather quickly before stabilizing again. Y56 does not move much away from its from Sr56 and Y56. Not only it is larger, but it increases monotonically from the start of 241 the simulation, thus suggesting that Zr is not stable in the interlayer Ca sites.
242
The distance traveled by Sr56, Y56, and Zr56 can be decomposed into the contributions 243 along the x, y and z directions, as shown in Fig. 3(b) , (c), and (d). We also show in Fig. 3 244 the coordination polyhedra around Sr56, Y56, and Zr56 at t = 0 ps (left) and 1.2 ps (right). 
256
The same is valid for Zr56 (see Fig. 3(d) ), where the largest displacements are also along 257 the [011] direction (see Fig. 3(d) ), although in this case the displacement continues increasing and three OH groups at t = 1.2 ps (see Fig. 3(d) ). 
283
The PDF for Ca-O is shown in Fig. 4(a Table 2 .
287
The Sr-O PDF is shown in Fig. 4(b) . Its maximum is shifted to larger distances compared The pair distributions for the intralayer and interlayer sites do not show substantial 302 differences. To illustrate this point, we report in Table 2 the average bond length for these 303 two regions. The maximum difference calculated between the intra and interlayer X-O 304 distances is 0.02Å for Zr, which is very small compared to differences among elements and 305 hence does not explain the general preference for Ca substitution in the interlayer region. 
309
The pair distribution for Sr56-O at 0 K (Fig. 4 (b) ) is close to the average Sr-O pair 310 distribution resulting in bond lengths that are similar (see Table 2 ). The same applies to 311 the pair distributions and bond lengths calculated for site 56 replaced by Y and Zr at 0 K, 312 thus confirming that site 56 is a good candidate to represent the average properties of these 313 atoms in C-S-H.
314 Table 2 . X-O bond lengths in the C-S-H structure. The first three columns report the average bond 315 length calculated on all sites (Total) and separately in the intralayer (Intra) and in the interlayer 316 (Inter) sites at 0 K. The next two columns give the X-O bond length calculated for atom X in 317 site 56 at 0 K and at 300 K. The last column gives the values obtained from number VI and the formal charges 2+, 2+, 3+, and 4+ for Ca, Sr, Y, and Zr respectively. We did 320 not take into account the distortion of the coordination polyhedra or the bond length distribution.
321
All the values are given inÅ. energies are much lower than the ones reported in Figure 2(c) , and indicate that Zr will 342 certainly stabilize by interfering with the layered structure characteristic of C-S-H. Similar Table 3 . To understand the general preference for substitution in the interlayer we report in Table   375 3 the average effective charge calculated separately in the intra and interlayer regions. There 376 is a small but systematic increase of the Bader charges in the interlayer sites with respect to 377 the intralayer ones. This can be explained by the conspicuous presence of oxygen in the form 378 of mobile OH − groups in the interlayer. These can bind more easily to the substitutional 379 ions, whereas in the intralayer the neighboring oxygens belong to the silicate chains and are 380 thus less prone to accept electrons and stabilize the ions.
355

381
Finally, we note that the difference between inter and intralayer average effective charges 382 increases along the radioactive decay sequence, from 90 Sr to 90 Zr. Indeed, the difference 383 between the intralayer and interlayer average charge is the smallest for Sr and Y (around 384 0.02e) and four times larger for Zr (0.08e). This result correlates with the substitution 385 energy difference between the intralayer and the interlayer regions that also increases along 386 the same decay sequence, as pointed out in the Results section. Similarly, the dispersion 387 around the average value is the smallest in Sr, intermediate in Y and the largest in Zr, for 388 both the substitution energies (see Fig. 2 ) and the Bader charges (see Table 3 ).
389
Environmental implications of the study. Ab initio calculations and DFMD simula-390 tions were performed to study 90 Sr contamination and transmutation in C-S-H, the principal 391 binding hydration product of cement. 90 Sr and its daughter radionuclide 90 Y were found to 392 be stable in the cement paste, with a general preference for substituting Ca in the inter-393 layer sites, where water enhances the possibilities for atomic bonding and charge transfer.
394
This suggests that cement could be a good material to store the intermediate-half-life fission 395 15 product 90 Sr, even in large concentrations. A mean field estimation gives a solubility limit 396 of the order of 4% at room temperature, i.e., three 90 Sr out of 72 Ca sites. It could be 397 relevant in the context of nuclear waste storage under accidental conditions, for example in 398 the Fukushima case where, to the best of our knowledge, a solution to the problem of storing 399 the highly concentrated 90 Sr after extraction from the emergency reactor cooling water has 400 not been found yet.
401
The present work also showed that 90 Zr (stable daughter nucleus of 90 Y) is not stable 402 in Ca sites when the bulk phase of the corresponding elements at 0K is used as reference 403 but stable when the hydrated form of the corresponding ions is used. The low substitution
